Motivation: Synteny mapping, or detecting regions that are orthologous between two genomes, is a
INTRODUCTION
With the number of completely sequenced genomes increasing rapidly, comparative genomics is becoming an indispensable approach for genome annotation and for studying genome evolution.
Essential to this approach is whole-genome alignment, which is computationally demanding, particularly for large genomes, such as those of mammals. Thus, using conventional approaches, scores, or even hundreds, of computing processors are required to compare the human and mouse genomes in a time period of hours or days (Waterston et al., 2002; Schwartz et al., 2003) , a practical time scale for doing competitive research in such a rapidly evolving field as genomics. Moreover, there appears to be considerable discrepancy in the various human-mouse synteny maps created independently by several research groups (Waterston et al., 2002; Gregory et al., 2002; Clamp et al., 2002) , even though they may use similar alignment algorithms and strategies (Ureta-Vidal et al., 2003) .
As many more large genomes will be sequenced in the next few years (Ureta-Vidal et al., 2003) , there is a pressing need to develop a whole-genome alignment tool that can render the task feasible and practical using minimal computing facilities, such as a single desktop computer. To achieve this goal, methods that deviate significantly from existing approaches using sequence alignment, such as BLAST (Altschul et al., 1990) , MegaBLAST (Zhang et al., 2000) , BLAT (Kent 2002) , BLASTZ (Schwartz et al., 2003) , or PatternHunter (Ma et al., 2002) , merit exploration.
Various articles have demonstrated that the use of a hash table (Schuler 1997; Ning et al., 2001) or suffix-tree (Delcher et al., 2002; Bray et al., 2003) can significantly speed up the computation time required for sequence mapping. Our previous work showed that, by matching unique 15-mer words (those that appear exactly once in the genome and are therefore called UniMarkers or UMs), it is possible to dispense with the usual requirement for sequence alignment and to genomically position the entire database of human single nucleotide polymorphism (SNP) sequences in just a few days of computing time on a single desktop computer. In the present study, we introduced a new concept of using UMs to detect sequence orthologues without doing sequence alignment and extended the UM method for whole-genome synteny mapping.
To align two very long DNA sequences, such as those of metazoan genomes, the most common approach starts by finding the so-called high scoring pairs (HSPs) of sequence fragments that are derived from words matched either by consecutive seeds (Altschul et al., 1990; Zhang et al., 2000) or by spaced seeds first proposed by Li and co-workers in PatternHunter (Ma et al., 2002) and later adopted in BLASTZ (Schwartz et al., 2003) . These HSPs, in which a word or segment in one sequence may have multiple matches in the other sequence, then serve as seeds, which are subsequently filtered and combined to identify a set of longer segments that are thought to be orthologous between the two sequences. In the final step, these segments, often called anchors or landmarks, are extended or processed to yield an alignment or mapping of the two sequences (Ureta-Vidal et al., 2003) . Our UM method differs from these approaches by avoiding the time-consuming step of finding and processing the HSP seeds; instead, orthologues anchoring 5 segments are detected directly from a genome-wide occurrence spectrum of UMs common to the two genomes compared. Consequently, and as detailed below, the UM method is very fast and can map the entire human genome against the entire mouse genome, and vice versa, in just one day on a single Pentium IV personal computer. To evaluate the quality of the resulting UM human-mouse map, it was compared with the map produced by the Mouse Genome Sequencing Consortium (MGSC) (Waterston et al., 2002) and with that produced by the Ensembl team (Clamp et al., 2003; Hubbard et al., 2002) . The UM map was shown to be in excellent agreement with the MGSC map, missing only a few small MGSC segments, while having several small unique segments of its own. The agreement with the Ensembl map was also very good, though not as good as that with the MGSC map.
Sequence alignment using BLASTZ (Schwartz et al., 2003) on segments that were map-unique or disagreed between maps indicated that the UM method, despite being sequence alignment-free, achieved high specificity and sensitivity in finding syntenic regions of the two mammalian genomes.
pUMp vs. hUMp
Orthologous regions, by definition, are homologous regions shared by two genomes from a speciation event. The basic idea of our approach is that, between two genomes, orthologous regions should share more UniMarker pairs (UMps; an UMp connects identical UMs in both genomes) than non-orthologous regions. However, there are two kinds of UMp, those inherited from a common ancestor, hereafter referred to as primitive UMps (pUMps), and those that have arisen by random mutation, referred to as homoplastic UMps (hUMps) (Figure 1 ). Although it is not possible to tell whether a given UMp is a pUMp or a hUMp, it can be distinguished as a collective group, as illustrated in Figure 1 . This is because, by definition, pUMps can exist only between orthologous regions, whereas hUMps can exist between any two regions, be they orthologous or not.
Consequently, pUMps can provide a signal for pairs of orthologous regions against a background noise of hUMps, and, as long as the signal/noise ratio is sufficiently high, i.e., the evolutionary distance between the two genomes is not too great, orthologous pairs should be detectable by analyzing the UMp distribution in the two genomes.
Occurrence Spectra of UMps and Anchoring Islands
A simple, but efficient, method to identify k-mer UMs in the human genome has been described . This method was used in the present study to identify 16-mer UMs for each of several assemblies of the human genome and for the draft mouse genome sequence. Those UMs common to a particular assembly of the human genome and the mouse genome were extracted; each of these constitutes an UMp, as defined above.
The UM method for mapping two genomes, A and B, involves the following. Each chromosome of genome B is divided into a set of minimally overlapped fragments, each containing an equal number of UMps, which, in this work, was set at 300,000, i.e., a number slightly greater than that (~290,000) on the human Y chromosome (consequently, the entire human Y chromosome was a fragment). We then scan genome A using a sliding window of 50 kb and a moving step of 10 kb to compute M ij , the ratio of the number of UMps common to both the ith window of genome A and the jth chromosomal fragment of genome B (N ij ) to the total number of UMps found in the ith window of genome A (N i ) (i.e. M ij = N ij /N i ). The values of these parameters, and of those described below, were empirically determined in trial runs to minimize the computational cost while maintaining good resolution in the resulting human and mouse synteny map.
As illustrated in the example in Figure 2 , the M ij spectrum allowed us to find orthologous regions, hereafter referred to as anchoring islands, without doing sequence alignment. For a segment to qualify as an anchoring island, at this stage in genome A only (Figure 2A ), we specified that at least four consecutive windows must have a M ij value in the top 1.5% of all M ij (see Figure 2B ) to suggest the presence of pUMps, or orthologous relationship, between these windows of genome A 8 and a chromosomal fragment of genome B. To pin down the region in this chromosomal fragment of genome B with which the anchoring island of genome A was orthologous, we moved the sliding window to genome B, and operated it on the fragment-containing chromosome to compute N kl , the number of UMps shared by the kth window (on the chromosome of genome B) and the lth island (on genome A). The N kl spectrum ( Figure 2C ) allowed us to delimit the matching anchoring island on genome B, which was specified as containing at least two consecutive windows with (i) N kl values of at least 25 or (ii) N kl values of at least 10 and within the top 3% of all N kl for that particular lth island of genome A. Note that, for this stage, there was no need to compute N k , or N kl /N k (i.e. M kl ), and the reason for the expansion to include the whole chromosome, instead of just the fragment, in the computation of N kl was to provide sufficient background noise (hUMps) to distinguish the signal (pUMps). For multiple matches, i.e., when two or more matching anchoring islands were found on the fragment of genome B, the procedure for computing N kl was repeated after switching the sliding window back to operate on the anchoring island-containing chromosome of genome A. This procedure was repeated until all anchoring islands were uniquely matched between the two genomes.
For the present work on the human and mouse genomes, we found that multiple matches occurred in about 30% of cases; most of these could be resolved after N kl was calculated for the second time, and all could be resolved after the fourth calculation.
Overlapped Anchoring Islands
A few (500-800, or 4-7%, depending on the version of genome assembly used) of the resulting anchoring islands overlapped; this was due to the pUMp signal being independently detected in overlapping windows. There were four types of such overlaps (Supplement Figure S1 ). For the first type, of partial overlaps, which accounted for ~60-75% of overlaps, we simply set the boundary of the anchoring island at the midpoint of the overlap. The second and third types (accounting for 20-40% of overlaps) occurred when a small island (usually < 100 kb) was embedded in a large island.
Further analysis indicated that embedded islands of the second type, which comprised ~80% of the embedded cases, probably resulted from lineage-specific duplication, while those of the third type resulted from micro-rearrangements. Accordingly, we discarded embedded islands of the second type, but kept those of the third type and split their encompassing island into three, as illustrated in Figure S1 (Supplement). The fourth type occurred when a very small island (~40 kb) of one genome contained two separable clusters of UMps, each of which was mapped to one of two distinct, usually even smaller, islands of the other genome. The fourth type was rare, accounting for less than 2% of the overlaps. For sake of computational convenience and automation, we kept the first of the two pairings and discarded the other.
Although the use of a smaller window and moving step can eliminate most of the overlaps, particularly those of the first type, this would force the method to operate on fewer UMs, which could decrease the signal/noise ratio, especially for regions containing a lower density of UMs (e.g., < 1,000 UMs/50 kb).
Bi-directional Mapping
At this stage, we had a set of non-overlapping, one-to-one matched, anchoring islands for genomes A and B. We called this set the A->B set, since the M ij for this set was computed on windows of genome A. To further reduce the likelihood of the identified anchors being false positives, we also computed the B->A set, using identical procedures and parameters to those described above, and extracted the overlaps of the two sets. The bi-directional mapping helped us set the thresholds for M ij and N kl (see above), using which more than 95% of the mapped anchoring islands were either identical or substantially overlapped between the two directions.
Conserved Segments and Syntenic Blocks
The bi-directionally mapped and non-overlapping anchoring islands were then merged into conserved segments for any two adjacent islands in one genome that were also adjacent, as well as in the same orientation, in the other genome (see Nadeau and Sankoff (1998) for definitions of "conserved segment" and "syntenic block" (aka "conserved synteny")). Finally, the resulting conserved segments were grouped into syntenic blocks, each of which consisted of conserved segments that were contiguously matched, irrespective of the order and the orientation of their matching, in both genomes and on a single chromosome.
Comparison with Other Maps
It is not a trivial process to compare two different synteny maps, because different degrees of concordance may arise for conserved segments that are equivalent between the two maps on either of the two genomes. We therefore devised a set of parameters to assign equivalent (i.e. overlapped) conserved segments to four categories (see Supplement Figure S2 ): 'Agree (strong)', 'Agree (weak)', 'Disagree', and 'Unique', with decreasing degrees of overlap. The main distinction between the 'Agree' and 'Disagree' category was whether a substantial overlap in the segments was shared in both, or just one, of the two genomes; those that were not substantially overlapped in either genome, or were overlapped, but not in the same orientation, were assigned to 'Unique'. For the comparison with the MGSC and Ensembl maps, the same versions of the genome assembly for either human or mouse used in those maps were used to produce the corresponding UM maps. These genome assemblies were retrieved from ftp://ftp.ncbi.gov/genomes/H_sapiens/ and ftp://ftp.ncbi.nih.gov/genomes/M_musculus/ at the National Center for Biotechnology Information (NCBI). The MGSC map, i.e. the genomic start and end positions and the orientation of mapped conserved segments, was provided by Michael Kamal (Whitehead Institute, MIT). The Ensembl map was downloaded from http://www.ensembl.org/Homo_sapiens/syntenyview/ and its segments parsed.
BLASTZ Evaluation
To evaluate the segments classed as 'Disagree' or 'Unique' between two maps, we subjected them to BLASTZ (Schwartz et al., 2003) sequence alignment, using parameters B=2, C=0, T=1, and K=5000, 9000, or 12000. Each of the resulting alignments was displayed as a dot plot using the alignment viewer, Laj (Wilson et al., 2001) , inspected, and assigned to one of five outcomes (see Figure 3 for illustrative examples), "Concordant", "Shifted", "Multiple", "Reversed", and "Unsupported". Those that showed no clear evidence of homology were considered "unsupported" by sequence alignment and were probably false positives. All the assignments could be made without much ambiguity, although, for a few segments with few and very small patches of matches in the dot plot, their assignment to one of the last four outcomes could be subjective.
Software
Computer modules for the UM method and synteny map visualization were written in Perl, C\C++, and Delphi/Object Pascal. The run-time to produce a human-mouse map, which included both the bi-directional mapping and the merging of anchoring islands into conserved segments and syntenic blocks, was less than 23 hours on one personal computer (2.8 GHz Pentium IV, 768 MB memory).
The preprocessing, i.e. the identification of 16-mer UMs and UMps, took 20.4 hours on the same machine equipped with 2 GB memory (1 hr for UMps). With code optimization and modified data structures, our new version of the UM method, updated after the completion of the present work, has reduced the entire process of human-mouse mapping to ~7 hrs total. The new version is freely 13 available at the UM synteny website: http://synteny.ibms.sinica.edu.tw/.
RESULTS

Maps from Various Versions of the Human Genome
The speed of the UM method for producing a whole-genome synteny map allowed us to produce multiple maps resulting from different versions of genome assembly. Maps using different human genome assemblies differ mainly in the number of small conserved segments which decreased with each update of the genome (Supplement Figure S3) . This corroborates the argument that errors in sequence assembly are more likely to produce artifactual micro-rearrangements than to affect large (e.g. > 1Mb) synteny blocks (Pevzner and Tesler 2003) . Given the results shown in Figure S3 (Supplement), we can expect a further reduction in the number of small conserved segments when a 'finished' mouse genome becomes available.
Some parameters for the UM map using the 'essentially complete' human genome (NCBI build 33) and the mouse genome NCBI build 30 (the only NCBI build for mouse available at the time of this work) are summarized in Table 1 . Maps using human builds 30 and 31 gave quite similar results (data not shown). For the conserved segments and synteny blocks, these data, except for those for N50, are quite comparable with those reported by MGSC (Waterston et al., 2002) ; in contrast, the 10,999 anchoring islands are only a fraction of the 558,000 'landmarks' (high scoring and bidirectional best sequence matches) identified by MGSC. Since the two sets of syntenic anchors eventually produced very similar maps (details below), our much larger 'islands' (846.9 Mb total length covering 33.9% of the mouse genome; Table 1 ) are, in effect, clusters of the 'landmarks' obtained by sequence alignment using PatternHunter (Ma et al., 2002) (188 Mb total length and 7.5% mouse genome coverage (Waterston et al., 2002) ).
Comparison with Maps Produced by MGSC and Ensembl
As the key component of a synteny map is a list of conserved segments, the easiest way to compare two synteny maps is to compare two corresponding lists of conserved segments. Using the criteria for comparing two maps described in the Methods, the comparison of the results for UM vs. MGSC and UM vs. Ensembl is presented in Tables 2 and 3, respectively. A graphical overview of these results is also presented in Figure 4 . As can be seen, the UM map agreed well with both the MGSC and the Ensembl maps, having ~99% of the mapped regions cross-covered with the former (Table 2) and up to 95% with the latter (Table 3) . Furthermore, the vast majority of the 'Agree' segments were in strong agreement (i.e. high degree of overlap; see Supplement Figure S2 ), and the 'Disagree' or 'Unique' segments were mainly relatively small segments (see also Table 4), the largest being a few Mb in the comparison with the MGSC map and 24 Mb in the comparison with the Ensembl map. The somewhat smaller genome coverage and the smaller conserved segments obtained using the UM map were probably due to the fact that, unlike in the other two maps, the anchoring islands were not extended to include as much alignable sequence as possible.
Tables 2 and 3 also show that, for all categories, the agreement between UM and MGSC was significantly better than that between UM and Ensembl. This is attributable in part to the smaller minimal conserved segments used in the Ensembl map (100 kb vs. 300 kb for the MGSC map) and to the fact that, unlike the UM and MGSC maps, the Ensembl map is not cleanly resolved, in that some of its segments are substantially overlapping with, or entirely embedded in, other segments. The MGSC and Ensembl maps could not be precisely compared, because they were generated using different genome versions.
Evaluation with Sequence Alignment
Although a good sequence alignment, i.e., one resulting in a clear diagonal in the dot plot, does not necessary mean a pair of conserved segments are orthologous, the converse usually holds. Table 4 gives the results of sequence alignment, using BLASTZ (Schwartz et al., 2003) , for the 'Disagree' and 'Unique' segments from Tables 2 and 3. The results showed that all but 2 of the total 93 (12+71+10) UM 'Unique' or 'Disagree' pairs of segments were concordant with BLASTZ alignment, and the two exceptions were neither in the wrong orientation ("Reversed") nor without clear evidence of sequence similarity ("Unsupported"). In comparison, 2 of the 26 MGSC "Unique" and 10 of the 35 Ensembl "Unique" segment pairs were "unsupported" by BLASTZ alignment. Further examination ( Figures S4 and S5 in the supplement) showed that 17 of the 23 MGSC "Unique", BLASTZ-concordant pairs, and 8 of the 11 Ensembl "Unique", BLASTZ-concordant pairs, were actually detected by the UM method, but were not included in the comparison because the corresponding UM segments were too small (<300 kb or <100 kb for the comparison with the MGSC or Ensembl map, respectively). These relatively small UM segments could probably be brought into agreement with the corresponding MGSC and Ensembl segments, if they were allowed to extend by sequence alignment, as discussed above. The remaining 6 (23-17) MGSC and 3 (11-8) Ensembl pairs not detected by UM were all small (most < 1 Mb), and, interestingly, the density of their UMps was significantly smaller than typical (Figures S4 and S5 in the supplement). We did not carry out the same evaluation on the 'Agree' segments due to limited computing resources, but, given the consensus of the results using two very different approaches (UM vs. MGSC or UM vs. Ensembl), together with the results presented below of the Largest Increasing Subsequence (LIS) analysis (Gusfield 1997) of UMps, it is unlikely that they would be BLASTZ-unsupported.
Evaluation with LIS Analysis of UMps
For a pair of conserved segments or anchoring islands, one expects the largest subset of UMps matched in the same direction (Figure 1) , or LIS UMp, to be composed mainly of pUMps. An LIS analysis of UMps can, therefore, be used instead of sequence alignment to detect questionable segment or island pairs. Remarkably, the results of such an analysis (Supplement Figure S6) showed that, for 91% (10014/10999) of the UM anchoring islands, the LIS UMp ratio was 1.0, i.e. all the only 7 (out of 10,999) pairs had a LIS UMp ratio smaller than 0.8. Furthermore, all of these 7 pairs with a low LIS UMp ratio, including two in regions full of repetitive elements, showed evidence of homology as assessed by BLASTZ alignment (Supplement Figure S6) . As the islands were merged into segments (Methods), the percentage of ordered UMps would decrease (Supplement Figure S7) ; however, the sequence similarity of several less promising pairs, as suggested by the LIS analysis (Supplement Figure S7) , was validated by BLASTZ alignment (data not shown).
DISCUSSION
Identifying sequence orthologues is a key step in comparing two genomes. For this task, sequence alignment has been the method of choice, despite two well-recognized problems: 1) the assumption of contiguity in homologous sequences is intrinsically incorrect (Vinga and Almeida 2003) and 2) sequence pairs with the highest alignment score may not be orthologues, necessitating a post-processing step to distinguish between orthologous and paralogous similarities (Ureta-Vidal et al., 2003) . Another problem with sequence alignment is that its computational cost, both in time and memory, escalates as the genome gets bigger.
The UM method can overcome many of these problems. Firstly, it identifies two segments as orthologous only by the relative number (which must be above a background noise value), not the order, of their shared UMps. It follows that non-contiguous orthologous sequences may still be detected, because the number of their shared UMps would only be changed a little, if at all, by rearrangements in the two sequences. Secondly, it searches for homologous sequences by detecting a signal of non-randomly shared UMps over a large region of the genome (a 50 kb window in genome A and a chromosome-size fragment of genome B), which, in effect, avoids detecting, and hence dealing with, the numerous qualified local similarities found using sequence alignment-based methods. Indeed, the iterations required to resolve multiple mapping relationships for some anchoring islands (see Methods) were mainly needed to divide an island in one genome to match rearranged or substantially gapped islands in the other genome. Thirdly, as demonstrated above, the use of unique sequences at a fixed length can render mapping two mammalian genomes feasible on a personal computer with limited memory. Schemes that utilize a much larger words set, such as a suffix-tree (Delcher et al., 2002; Bray et al., 2003) , to speed up sequence mapping may have the flexibility for a wider range of applications, but their high demand on memory space (Kurtz, 1999; Lefebvre et al., 2003) could strain laboratories with moderate computing resources.
In terms of computational speed for mapping large genomes, other novel methods may rival or even better our method. For example, PatternHunter (Ma et al., 2002) requires just 20 days to do the human-mouse comparison on a Pentium III (supplement in Waterston et al., 2002) , which can be reduced to just hours if Pentium IV and longer seeds are used. In terms of finding sequence matches, clearly, UMs of a fixed length cannot be expected to compete with PatternHunter (http://www.bioinformaticssolutions.com/products/ph.php), or, for that matter, any other general purpose homology search tool. However, it should be pointed out that the UM method has been developed for the special purpose of sequence mapping where genome-wide uniqueness can be exploited . Indeed, it is notable that for the purpose of synteny mapping, the novel use of UMs to detect orthologous signals (Figure 1 ) can largely compensate for the loss of sensitivity in finding sequence matches, as demonstrated by the comparisons made between the UM map and the MGSC map or the Ensembl map (Table 2-4). Table 4 showed that the UM method missed very few, and mainly small, MGSC-or Ensembl-unique segments and that the reason why these segments were missed was their 20 uncharacteristic low UMp density ( Figures S4 and S5, Supplement) . Conversely, the reasons why an alignment-based method, such as that adopted by MGSC or Ensembl, missed UM-unique, but BLASTZ-concordant, segments (Table 4) are not clear, but, presumably, they were lost during the post-processing of seed matches. Although it should be noted that BLASTZ-concordant segments are not necessary orthologues, the UM method of contrasting the pUMp/hUMp signal and noise (Figure 1 ) presents a more direct and natural way of distinguishing ancestor-inherited similarity (i.e., homology) from similarity acquired independently by two taxa (i.e., homoplasy). The use of UMps also facilitates the incorporation of LIS analysis, a fast and established algorithm (Gusfield 1997) , to quickly identify potentially questionable conserved segments ( Figures S6 and S7 , Supplement) or regions that may have undergone rapid evolutionary changes, including rearrangements.
Analysis of
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